Zeolites possess excellent ion exchange capabilities, so that it is easy to synthesize Ag-zeolite (Ag x Al x Si 1Àx O 2 ) using an AgNO 3 aqueous solution. When this Ag type zeolite is irradiated with a high energy electron beam of several hundred keV in a TEM, the chemical bonds in the zeolite crystal are broken and the crystal eventually becomes amorphous. (L. A. Bursill, E. A. Lodge and J. M. Thomas: Nature 286 (1980) 111-113.) We have found that ordered clusters of Ag atoms are formed in the amorphous region during this process. It is anticipated that quantum effects will appear in this material. (Y. Nozue, T. Kodaira and T. Goto: Phys. Rev. Lett. 68 (1992) 3789.) 
Introduction
To date, 130 kinds of zeolite have been synthesized with the framework structures of these crystals comprised of Si, Al and O atoms. Al atoms have tetrahedral oxygen coordination, the same as Si, in the zeolite framework, so that the Al atoms have a net charge of À1. Na þ ions are added to the zeolite crystal to retain electrical neutrality. Therefore, the number of Na þ ions must be the same as the number of Al atoms, so that the chemical formula of Na-type zeolites can be written Na x Al x Si 1Àx O 2 . Ag type zeolites (Ag x Al x Si 1Àx O 2 ) are readily synthesized by reaction between Na-type zeolites and silver nitrate aqueous solution.
1)
The crystal structure of this Ag type zeolite is gradually disrupted by a 200 keV electron beam in a transmission electron microscope (TEM), finally becoming amorphous. 2) During this process, lattice fringes from the crystal structure disappeared and new lattice fringes appeared.
Experimental Methods
Ag-type LTA and FAU zeolites were synthesized by reaction between ordinary Na type zeolites (LTA zeolite: Si/Al = 1, channel size h100i 0.41 nm, FAU zeolite: Si/ Al = 2.8, channel size h111i 0.74 nm) and silver nitrate aqueous solution. Powder of these Ag-type zeolites were dispersed in ethanol. Next, drops of the slurry were put on a Cu microgrid to support the fragments of zeolites. TEM observations were performed on a JEOL EM-2010 operating at 200 kV under low-dose observation conditions. A slowscan charge-coupled-device (SSC) camera (model 679, Gatan) was attached to the TEM, and recorded of images were monitored on the computer in real time. Figure 1 shows lattice fringes in an Ag type LTA zeolite irradiated with an electron beam of 200 keV. The lattice pacing and arrangements of the dark dots correspond to the particular distribution of -sodalite cages in the LTA zeolite. The chemical composition of these dots was shown to be Ag metal by energy dispersive X-ray spectroscopy (EDS) analysis. We conclude that the black dots correspond to Ag clusters with sizes of approximately 1 nm, very similar to the size of an -sodalite cage.
Results and Discussions
A TEM micrograph of another Ag type zeolite, FAU, irradiated with an electron beam is shown in Fig. 2 . Black spots similar to those in the LTA zeolite also appeared in the FAU zeolite. The arrangement of these black spots matches the distribution of the super cages in the FAU zeolite. As evidenced by these results, the distribution of the Ag clusters corresponds to the pore arrangements in the zeolite crystals. In other words Ag clusters have formed in the pores of the zeolite crystals, and the clusters are distributed three-dimensionally as illustrated in the left-hand inset of Fig. 1 in the case of LTA. We can conclude therefore that Ag clusters were produced by irradiation of the Ag type zeolites. Figure 3 shows the change in microstructure that occurs during irradiation of the FAU zeolite in a TEM. The crystal lattice is clearly visible during the early stages of electron beam irradiation, but the lattice fringes corresponding to the framework structure of the zeolite disappear soon afterwards ( Fig. 3(a) ). A black pattern of spots appears as electron beam irradiation is continued (Fig. 3(b) ). This lattice pattern reveals the spatial distribution of metallic Ag. Finally, Ag atoms coalesce on the zeolite powder surface to form nanoparticles (Fig. 3(e) ). Figure 4 shows a cross sectional TEM image of an Ag particle precipitated on a zeolite surface. The Ag clusters are observed to have the same lattice structure within the zeolite particle, and the distance between each lattice fringe is approximately 1 nm in both cases. This lattice structure remains even when the Ag particle has coalesced on the zeolite surface. This TEM micrograph is therefore evidence that Ag cluster crystals form inside of the zeolite particle and then diffuse to the surface.
A possible mechanism for formation of the Ag cluster crystals is illustrated in Fig. 5 . In the defect free zeolite, Al has tetrahedral oxygen coordination, the same as Si, even though it has a net charge of À1 relative to the silica matrix. Ag þ ions therefore associate with Al ions in order to maintain charge neutrality. When chemical bonds in the zeolite are broken by electron beam irradiation, the zeolite crystals change to amorphous materials. 3, 4) It is speculated that Al switches to six-fold oxygen coordination to stabilize the structure in the amorphous materials. The Ag atoms no longer experience any electrostatic constraints, so some Ag atoms agglomerate to form sub-nanometer-sized clusters by diffusing through the amorphous silica. However, the pore channel structure remains, even after the crystal lattice of the zeolite framework has been destroyed by the electron beam. The Ag clusters selectively form in the pores, and are aligned in the same direction as the pores. Finally, the Ag diffuses to the surfaces of the zeolite particles, so that the clusters become more stable by coalescing as nano-size particles. The same phenomenon is expected to occur in zeolites exchanged with metal ions having similar properties to Ag þ . Ag clusters should be formed in the pores of amorphous SiO 2 , which has a similar pore channel structure to the crystalline zeolites. We estimate that clusters formed in Ag-type LTA zeolite consist of 96 Ag atoms, and in Ag type FAU zeolite of 60 to 65 Ag atoms.
Concluding Remarks
We have found that cluster crystals are formed by electron beam irradiation of Ag type zeolites. It seems that producing the uniform clusters crystal in the zeolite crystal using high energy electron beam irradiation is not straightforward, because the electron beam irradiation breaks chemical bonds of the zeolite framework and simultaneously activates rapid diffusion of Ag clusters in the amorphous SiO 2 , so that the process is difficult to control. However, if we can control diffusion of the Ag clusters while breaking the chemical bonds of the zeolite framework by heating and/or electromagnetic irradiation under steam, it should be possible to produce cluster crystals of uniform size. Recently, synthesis methods have been developed to obtain single crystals of LTA and FAU zeolites several hundred microns in size. 5) In addition, oriented films centimeters in length have also been prepared. 6) We expect that cluster crystal device could be developed by this method using zeolites exchanged with several kinds of metal ions.
